Glioblastoma (GBM) is the most lethal primary brain tumor and is highly resistant to current treatments. GBM harbors glioma stem cells (GSCs) that not only initiate and maintain malignant growth but also promote therapeutic resistance including radioresistance. Thus, targeting GSCs is critical for overcoming the resistance to improve GBM treatment. Because the bone marrow and X-linked (BMX) nonreceptor tyrosine kinase is preferentially up-regulated in GSCs relative to nonstem tumor cells and the BMX-mediated activation of the signal transducer and activator of transcription 3 (STAT3) is required for maintaining GSC self-renewal and tumorigenic potential, pharmacological inhibition of BMX may suppress GBM growth and reduce therapeutic resistance. We demonstrate that BMX inhibition by ibrutinib potently disrupts GSCs, suppresses GBM malignant growth, and effectively combines with radiotherapy. Ibrutinib markedly disrupts the BMX-mediated STAT3 activation in GSCs but shows minimal effect on neural progenitor cells (NPCs) lacking BMX expression. Mechanistically, BMX bypasses the suppressor of cytokine signaling 3 (SOCS3)-mediated inhibition of Janus kinase 2 (JAK2), whereas NPCs dampen the JAK2-mediated STAT3 activation via the negative regulation by SOCS3, providing a molecular basis for targeting BMX by ibrutinib to specifically eliminate GSCs while preserving NPCs. Our preclinical data suggest that repurposing ibrutinib for targeting GSCs could effectively control GBM tumor growth both as monotherapy and as adjuvant with conventional therapies.
INTRODUCTION
Glioblastoma (GBM) is the most common malignant primary brain tumor, which universally shows extreme resistance to conventional therapies including radiation. Despite therapeutic advances in treating other solid tumors, there has been minimal improvement in the treatment and survival of GBM patients (1) , highlighting an urgent need for therapeutic development. GBM displays remarkable cellular heterogeneity and hierarchy containing glioma stem cells (GSCs) with potent tumorigenic capacity (2, 3) . GSCs are functionally defined by extensive self-renewal, multilineage differentiation, and potential to drive malignant growth in vivo (2, 4) . GSCs promote therapeutic resistance, cancer invasion, tumor angiogenesis, immune evasion, and recruitment of tumor-supportive macrophages to facilitate malignant growth (2, 5, 6) , indicating that targeting GSCs is an important strategy to improve GBM treatment. However, the similarity between GSCs and neural progenitor cells (NPCs) poses a major challenge for developing a GSC-specific treatment paradigm (3, 7) . Because both GSCs and NPCs share features of stemness and use similar molecular pathways for their maintenance (7) , targeting crucial regulators in common pathways may affect both GSCs and NPCs. Therefore, defining the differential regulatory mechanisms that distinguish GSCs from NPCs is critical for developing GSC-specific therapeutics.
In the search for GSC-specific molecular targets, we previously discovered that the bone marrow and X-linked (BMX) nonreceptor tyrosine kinase (also known as ETK) is preferentially expressed in GSCs but not in NPCs (8) . BMX mediates the hyperactivation of the signal transducer and activator of transcription 3 (STAT3) in GSCs, which is required for GSC self-renewal and tumorigenic potential (8) . As a member of the TEC family kinases (9) , BMX can be activated by numerous signals (10, 11) and is overexpressed in several cancers (8, 12, 13) . Functional inhibition of BMX impairs tumor cell proliferation and angiogenesis (8, 14) . Moreover, BMX contributes to cancer cell resistance to radiation and chemotherapy (13, 15) . In addition, BMX knockout mice display minimal phenotypes (16) , suggesting that BMX is not required for embryo development and survival. Thus, pharmacologic inhibition of BMX kinase may have therapeutic potential with little toxicity to normal tissues.
BMX-mediated STAT3 activation is essential for maintaining the tumorigenic potential of GSCs (8) . STAT3 activation is a critical signaling event required for both malignant and normal physiological functions (8, 17, 18) . The canonical STAT3 activation is stimulated by the interleukin-6 (IL-6) cytokine family, followed by the dimerization of the IL-6 receptor glycoprotein 130 (gp130) and the activating phosphorylation of Janus family kinases (JAKs) (18) . The activated JAKs then phosphorylate STAT3, inducing its nuclear translocation to promote target gene transcription (17) (18) (19) . To avoid overactivation in normal cells, STAT3 signaling is restrained by endogenous negative regulatory mechanisms mediated by the suppressor of cytokine signaling 3 (SOCS3). SOCS3 is a pivotal inhibitory factor that binds to the JAK2-gp130 receptor complex to inactivate JAK2 and therefore suppresses STAT3 activation (20, 21) . Although STAT3 activity is tightly controlled in normal cells including NPCs, STAT3 hyperactivation is often detected in tumor cells, including GSCs in GBM (8, 19, 22) . Defining the molecular mechanisms underlying the differential activation of STAT3 between NPCs and GSCs may facilitate the development of therapeutics selectively targeting GSCs.
Here, we defined a mechanism underlying the differential regulation of STAT3 activation that distinguishes GSCs from NPCs. In GSCs, BMX circumvents the SOCS3 inhibition of JAK2 to sustain STAT3 activation. By contrast, the JAK2-mediated STAT3 activation in NPCs is negatively regulated by SOCS3. These findings provide a molecular basis for targeting BMX to inhibit STAT3 activation specifically in GSCs but not in NPCs. Furthermore, we demonstrated the therapeutic potential of targeting BMX by a pharmacologic inhibitor, ibrutinib (originally identified as PCI-32765) (23), for GBM treatment. Ibrutinib is U.S. Food and Drug Administration (FDA)-approved for treating mantle cell lymphoma and chronic lymphocytic leukemia by inhibiting Bruton's tyrosine kinase (BTK) (24, 25) , but ibrutinib can inhibit kinase activities of both BTK and BMX through irreversible binding to a conserved cysteine residue of BTK and BMX with similar affinity (23, 24) . Here, we found that BTK expression was hardly detected in GSCs. Thus, ibrutinib should primarily inhibit BMX in GSCs. We demonstrated that ibrutinib suppressed the BMX-mediated STAT3 activation to disrupt GSC maintenance and impair GBM tumor growth and radioresistance. Notably, the effective dose of ibrutinib for inhibiting GSCs and GBM growth showed no detectable impact on NPCs, which lack expression of BMX and BTK. Our preclinical studies suggest that targeting GSCs through BMX inhibition by ibrutinib may effectively improve GBM treatment.
RESULTS

Targeting BMX by ibrutinib inhibits GBM growth to prolong animal survival
We previously discovered that BMX-mediated STAT3 activation was required for maintaining GSC tumorigenic potential (8) . To translate this dependency into a clinical application, we examined whether pharmacologic inhibition of BMX by ibrutinib, a small-molecule inhibitor of BMX and BTK (23) , could suppress tumor growth in GSC-derived orthotopic xenografts. Because BTK expression is hardly detected in human GSCs and NPCs and BMX is highly expressed in GSCs but not in NPCs ( fig. S1A ), ibrutinib should primarily target BMX kinase in GSCs to inhibit GBM growth. To test this possibility, we examined the effects of ibrutinib on GSC-driven tumor growth by in vivo bioluminescent imaging (Fig. 1A and fig. S1 , B and C). The results showed that ibrutinib administration markedly inhibited GSC-driven tumor growth (Fig. 1, A and B, and fig. S1 , C and D) and conferred a significant survival benefit relative to the vehicle control [ Fig. 1C (P = 0.0017) and fig. S1E (P = 0.0018)]. These data demonstrate that ibrutinib treatment effectively suppresses GBM growth and increases animal survival.
To further investigate the therapeutic value of ibrutinib for GBM treatment, we compared side by side the tumor-suppressive effects of ibrutinib and the most common anti-GBM chemotherapeutic agent temozolomide (TMZ). Ibrutinib was superior to TMZ treatment in impairing both in vitro viability of GSCs ( fig. S1 , F and G) and in vivo GSC-driven tumor growth (Fig. 1, D and E) . Consequently, ibrutinib treatment significantly extended the average survival of the tumor-bearing mice (from 32.6 to 47.2 days; P = 0.0018) (Fig. 1F) . By contrast, TMZ treatment showed little extension of animal survival (from 32.6 to 34 days; P = 0.2101) (Fig. 1F) . The survival benefit from ibrutinib treatment was 10.4-fold more than that from TMZ treatment in the mice bearing GSC-derived tumors (Fig. 1G) , indicating that ibrutinib is much more effective than TMZ. To address whether ibrutinib outperforming TMZ as an anti-GBM treatment is associated with the expression of O 6 -methylguanine-DNA methyltransferase (MGMT), a DNA repair enzyme mediating TMZ resistance (26), we examined MGMT expression in GSC lines (D456 and T4121) used for the study. In contrast with high MGMT expression in T98G GBM cells used as a positive control (27) , MGMT expression in D456 and T4121 GSCs was nearly undetectable (fig. S1H), suggesting that D456 and T4121 are not MGMT-driven TMZresistant cells. Collectively, these results indicate that ibrutinib is potentially more effective than TMZ for GBM treatment.
To further justify ibrutinib use in GBM treatment, we determined the bioavailability of ibrutinib in mouse brains bearing GSC-derived xenografts and found that the average maximum concentration (C max ) of ibrutinib in mouse brains was 2.22 M ( fig. S2A ), suggesting that ibrutinib could penetrate into mouse brains to exert tumoricidal effect. We also performed liver and lung autopsies from mice treated with ibrutinib or the vehicle control to histologically evaluate ibrutinib biosafety. The hematoxylin and eosin staining showed that the morphologies of mouse liver and lung were similar between the ibrutinibtreated group and the control group ( fig. S2B ). Immunohistochemical (IHC) staining of cleaved caspase-3 as an apoptosis marker confirmed that ibrutinib treatment had no obvious influence on the viability of mouse hepatocytes or alveolar cells ( fig. S2 , C and D), suggesting that ibrutinib is a well-tolerated agent with no severe toxicity to normal tissues.
Combination of ibrutinib treatment with radiation therapy improves survival of GBM-bearing mice Because GSCs are highly resistant to conventional therapies and contribute to tumor relapse (4, 28) , we next examined whether disrupting GSCs through BMX inhibition by ibrutinib could improve the therapeutic efficacy of radiotherapy in mice bearing GSC-derived tumors. Whereas irradiation or ibrutinib treatment alone effectively suppressed tumor growth, the combined ibrutinib and irradiation treatment achieved the strongest tumor inhibition (Fig. 2, A and B) and conferred the longest survival extension among all the experimental groups (Fig. 2, C and D) . The immunofluorescent staining of cleaved caspase-3 demonstrated that, whereas ibrutinib or radiation treatment alone induced apoptosis of tumor cells in GSC-derived xenografts (Fig. 2, E and F) , the combination of ibrutinib treatment with radiation resulted in much more apoptosis in tumors (Fig. 2, E and F) , confirming the combined suppressive effect of ibrutinib and radiation on GBM growth. Furthermore, immunofluorescent staining of Ki67 revealed a marked reduction of proliferating cells in xenografts treated with ibrutinib and radiation (Fig. 2, G and H) . These data demonstrated the effectiveness of targeting GSCs by ibrutinib in combination with radiation therapy to enhance therapeutic efficacy.
Ibrutinib treatment is effective for GSCs from a majority of GBMs tested
To determine the generalizability of ibrutinib treatment for varied GBM molecular subtypes (29), we examined ibrutinib impact on 10 Statistical analysis was performed using unpaired Student's t test for two-group comparison, one-way analysis of variance (ANOVA) for multigroup comparison, or Kaplan-Meier method for survival analyses. Data are means ± SEM (B and E) or means ± SD (G). ns, not significant. *P < 0.05 and **P < 0.01. n = 5 for each group. p, photons; sr, steradian.
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GSC populations derived from primary GBMs with different molecular signatures (table S1 ). The results demonstrated that ibrutinib treatment caused a dose-dependent suppression of cell growth in all tested GSCs ( fig. S3 , A to C). Immunoblot analyses confirmed that all patient-derived GSC populations expressed BMX ( fig. S3D ). Moreover, GSCs with higher BMX expression were more sensitive to ibrutinib 
treatment (fig. S3, D and E)
. These data indicate that ibrutinib is effective at inhibiting the growth of most GSC subtypes. We further analyzed the expression of total BMX and the phosphorylated active BMX (pBMX-Y 40 ) in human GBM specimens through IHC staining to predict the fractions of GBM patients that may benefit from ibrutinib therapy. Expression of BMX and pBMX-Y 40 was detected in 38 of 42 (90.48%) cases of human GBM ( fig. S3 , F and G, and table S2), suggesting that most of the GBM patients may respond to the BMXtargeting agent ibrutinib. Collectively, these data underscore the broad potential of ibrutinib for treating most GBMs.
Ibrutinib treatment targets GSCs but not NPCs in vivo
To determine whether ibrutinib treatment specifically affects GSC populations in GBM xenografts, we examined GSCs by immunostaining for the stem cell marker SOX2 in the treated and control tumors. Ibrutinib-treated xenografts harbored significantly reduced percentages of SOX2 + tumor cells ( 
Ibrutinib disrupts GSC maintenance but has no apparent effect on NPCs
To determine whether ibrutinib treatment affects GSC maintenance, we examined the impact of ibrutinib on GSC self-renewal in three human GSC populations (D456, T4121, and T387) isolated from patient-derived xenografts. In vitro limiting dilution assay and tumor sphere formation assay demonstrated that ibrutinib treatment suppressed GSC self-renewal potential (Fig. 3A) and tumor sphere formation (Fig. 3, B and C, and fig. S5, A and B) . Furthermore, ibrutinib treatment effectively induced GSC apoptosis, as evaluated by the flow cytometry analyses of annexin V and propidium iodide (PI) as proapoptosis markers (Fig. 3D and fig. S5C ). Consistent with these data, cleaved caspase-3 and cleaved poly(adenosine 5′-diphosphateribose) polymerase (PARP), two proapoptosis markers, were also increased in the GSCs after ibrutinib treatment in a dose-dependent manner ( Fig. 3E and fig. S5D ). To compare the effectiveness of ibrutinib on targeting GSCs and nonstem tumor cells (NSTCs), we examined the expression of BMX as the direct target of ibrutinib in these two populations and confirmed that BMX was preferentially expressed in GSCs relative to NSTCs ( fig. S5E ). In vitro cell viability analyses demonstrated that ibrutinib was more effective in targeting GSCs than NSTCs ( fig. S5F ). We then evaluated the sensitivity of GSCs and NPCs to ibrutinib and found that the mean effective concentration (EC 50 ) of ibrutinib was much lower for human GSCs than for human NPCs (Fig. 3, F and G) . As a result, the neurosphere formation ability of NPCs was not affected by ibrutinib treatment at the EC 50 for eliminating GSCs (Fig. 3 , H to J), confirming that ibrutinib has no detectable impact on the NPC maintenance at the effective dose of GSCs. Collectively, these data indicate that ibrutinib may display a high therapeutic index for GBM treatment. 40 ) in a dose-dependent manner in three GSC lines (Fig. 4A and fig. S6A ). Moreover, a time-course study showed that ibrutinib sustainably repressed pBMX-Y 40 in GSCs for at least 16 hours after treatment (Fig. 4B and fig. S6B ). We next investigated the effect of ibrutinib on the activating phosphorylation of STAT3 (pSTAT3-Y
Ibrutinib disrupts BMX-mediated STAT3 activation in GSCs but shows negligible effect on STAT3 activation in NPCs
Because BMX kinase mediates STAT3 activation in GSCs (8), we investigated the effect of ibrutinib on the STAT3 activation in GSCs. Ibrutinib treatment markedly reduced the BMX-activating phosphorylation (pBMX-Y
705
). Ibrutinib treatment impaired STAT3 activation in a dose-and timedependent manner (Fig. 4, A and B, and fig. S6 , A and B) and inhibited the expression of NANOG and octamer-binding protein 4 as the downstream effectors of STAT3 signaling in GSCs ( fig. S6C) . Notably, in vitro cell viability analyses showed that ibrutinib was more effective in targeting GSCs than the STAT3 inhibitor stattic ( fig. S6D ). Because BMX is not expressed in NPCs ( fig. S1A ), we hypothesized that STAT3-activating phosphorylation in NPCs might not be affected by ibrutinib treatment at the dose effective in GSCs. Immunoblot analyses confirmed that ibrutinib treatment at 1 M did not affect pSTAT3-Y 705 in NPCs, whereas the same dose of ibrutinib markedly decreased pSTAT3-Y 705 in GSCs (Fig. 4C) . Similarly, in vivo treatment with ibrutinib reduced pSTAT3-Y 705 in GSC-derived xenografts (Fig. 4D  and fig. S6 , E and F) but showed no apparent impact on the percentage of pSTAT3-Y 705 -positive cells in the SVZ regions containing abundant NPCs (Fig. 4, E and F) . Together, these data demonstrate that ibrutinib specifically disrupts BMX-mediated STAT3 activation in GSCs but shows no detectable effects on STAT3 activation in NPCs.
Constitutively active STAT3 reverses the suppressive effect of ibrutinib on GSCs
To determine whether the effect of ibrutinib on GSC maintenance is exerted through inhibition of BMX-mediated STAT3 activation, we introduced a constitutively active STAT3 (STAT3-C) (8, 30) and then examined whether STAT3-C could reverse the effect of ibrutinib treatment on GSCs. The expression of Flag-tagged STAT3-C (STAT3-CFlag) in GSCs was confirmed by immunoblot analyses (Fig. 5A) . Ectopic expression of STAT3-C largely rescued the proliferation and self-renewal of GSCs after ibrutinib treatment (Fig. 5, B and C, and  fig. S7, A and B) . Moreover, the ibrutinib-induced GSC apoptosis was diminished by the expression of STAT3-C in GSCs, as demonstrated by the reduced expressions of cleaved caspase-3 and cleaved PARP (Fig. 5D and fig. S7C ) and the reduced proportion of apoptotic cells in STAT3-C-expressing GSCs treated with ibrutinib ( Fig. 5E and fig.  S7D ). Together, these results demonstrate that restored STAT3 activity largely rescues GSC maintenance impaired by ibrutinib treatment.
JAK2 kinase is inactivated in GSCs
Because ibrutinib has differential effects on STAT3 activation in GSCs and NPCs, it is critical to uncover the molecular mechanisms . Human GSCs and NPCs were exposed to increasing concentrations of ibrutinib (0 to 25.6 M) for 72 hours, followed by in vitro cell viability analysis. EC 50 of ibrutinib for GSCs and NPCs was measured using nonlinear regression analysis of the dose-response curves. (H to J) Representative images of neurospheres (H) and the quantification of sphere diameter (I) and numbers (J) of 15167 NPCs with indicated treatments. Statistical analysis was performed using unpaired Student's t test for two-group comparison or oneway ANOVA for multigroup comparison. Data are means ± SD. *P < 0.05 and **P < 0.01. Scale bars, 100 m. DMSO, dimethyl sulfoxide.
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underlying the phenotype. It is well known that STAT3 activation in NPCs is mediated by JAK2 (31, 32) . Although GSCs share some properties with NPCs, our previous study demonstrated that STAT3 activation in GSCs is mainly mediated by BMX kinase (8) , indicating that the kinase activity of JAK2 and its effect on STAT3 activation may be differentially regulated in GSCs and NPCs. Immunoblot analyses showed that, whereas pSTAT3-Y 705 was increased in both GSCs and NPCs upon IL-6 stimulation (Fig. 6A) , JAK2-activating phosphorylation was only increased in NPCs but not in GSCs (Fig. 6A) , suggesting that JAK2 is not the major upstream activator of STAT3 in GSCs. Coimmunoprecipitation analyses showed that JAK2 interacted with STAT3 and induced STAT3-activating phosphorylation (pSTAT3-Y 705 ) in human NPCs upon IL-6 stimulation (Fig. 6B ), whereas the interaction between JAK2 and STAT3 was almost undetectable in GSCs treated with IL-6 (Fig. 6B) . To confirm the distinctive function of JAK2 in GSCs and NPCs, we used a selective JAK2 inhibitor ruxolitinib to block JAK2-mediated signaling and found that ruxolitinib treatment had no detectable impact on STAT3 activation in GSCs but abrogated JAK2-mediated STAT3 activation in NPCs upon IL-6 stimulation ( Fig. 6C and fig. S8A ). These results suggest that JAK2 kinase activity is inhibited in GSCs, and thus, JAK2 is not able to mediate STAT3 activation in GSCs.
The negative regulator SOCS3 is responsible for JAK2 inactivation in GSCs
To understand how the JAK2-STAT3 signaling cascade is disrupted in GSCs, we interrogated a potential negative regulator of JAK2 in GSCs. Because SOCS3 has been reported to suppress the JAK2-mediated STAT3 activation by binding to JAK2 in many cells (20, 21) , we sought to determine whether SOCS3 could affect the function of JAK2 in GSCs. Immunoblot analyses showed that SOCS3 protein was increased in GSCs relative to NPCs (Fig. 6D) . Moreover, a greater proportion of SOCS3 was found in the complex with JAK2 in GSCs relative to that in NPCs by coimmunoprecipitation analysis (Fig. 6E) , suggesting that JAK2 activity in GSCs may be suppressed by SOCS3. To address this possibility, we examined whether disruption of SOCS3 could restore JAK2 activity in GSCs. Coimmunoprecipitation results demonstrated that silencing SOCS3 expression restored the interaction of JAK2 with STAT3 in GSCs after IL-6 stimulation (Fig. 6F) . Moreover, active phosphorylation of JAK2 and STAT3 was increased in GSCs expressing shSOCS3 relative to those expressing shNT after IL-6 stimulation (Fig. 6G) , confirming that increased SOCS3 impairs JAK2 activity in GSCs.
BMX interacts with gp130 to mediate STAT3 activation in GSCs
Having observed that JAK2 activity is inhibited by SOCS3 in GSCs, we investigated how BMX maintains sustainable activation of STAT3 in GSCs. Because the upstream activators of BMX in GSCs in response to IL-6 stimulation remain largely unknown and gp130 has been identified as a crucial receptor of IL-6 in GSCs (18, 22) , we examined whether BMX could respond to IL-6 stimulation by coupling with gp130. Reciprocal coimmunoprecipitation analyses showed that BMX bound to gp130 upon IL-6 stimulation and that BMX was actively phosphorylated (Fig. 7A and fig. S8B ). We then investigated 
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whether BMX could interact with STAT3 to mediate STAT3 activation in GSCs. Reciprocal coimmunoprecipitation analyses demonstrated that BMX bound to STAT3 upon IL-6 stimulation and induced STAT3-activating phosphorylation (Fig. 7B and fig. S8C ). Immunoblot analyses confirmed that silencing BMX by shRNA abolished STAT3 activation upon IL-6 stimulation in GSCs (Fig. 7C and fig.  S8D ). Furthermore, exogenous expression of wild-type BMX (BMX-WT) or constitutively active BMX (BMX-C) enhanced STAT3 activation upon IL-6 stimulation ( Fig. 7D and fig. S8E ), whereas introduction of the dominant-negative BMX (BMX-DN) in GSCs competitively suppressed the effect of endogenous BMX and reduced STAT3-activating phosphorylation (Fig. 7D and fig. S8E ). Together, these results indicate that BMX couples with the upstream IL-6 receptor gp130 and the downstream STAT3 to activate STAT3 signaling in GSCs.
BMX bypasses the SOCS3-mediated negative regulation of JAK2 to sustainably activate STAT3 in GSCs
Because SOCS3 is a typical negative regulator of JAK2-STAT3 signaling and STAT3 hyperactivation in GSCs is primarily mediated by BMX, we investigated whether BMX could bypass SOCS3's negative regulation of JAK-STAT3 signaling in GSCs. Immunoblot analyses demonstrated that forced expression of SOCS3 did not affect the activating phosphorylation of BMX (pBMX-Y 40 ) or STAT3 (pSTAT3-Y 705 ) in GSCs in response to IL-6 stimulation (Fig. 8A) . By contrast, forced expression of SOCS3 suppressed the binding of JAK2 with STAT3 in human NPCs ( fig. S9A) , followed by the reduction of pSTAT3-Y 705 ( fig. S9B ). Furthermore, coimmunoprecipitation analysis showed that SOCS3 did not interact with BMX in GSCs (Fig. 8B) , indicating that BMX is not negatively regulated by SOCS3 in GSCs. To further determine whether BMX bypasses the JAK2 inhibition by SOCS3 in GSCs, we examined the impact of SOCS3 overexpression on the maintenance of GSCs or NPCs and found that forced SOCS3 expression did not affect GSC maintenance but potently inhibited survival and growth of human NPCs (Fig. 8C) . Collectively, these data demonstrate that BMX bypasses the SOCS3-mediated negative regulation to constitutively activate STAT3 in GSCs. The differential activation and regulation of STAT3 in GSCs and NPCs enable their differential sensitivity to BMX inhibition by ibrutinib (Fig. 8D) , resulting in a high therapeutic index and selective targeting of GSCs to inhibit GBM growth.
DISCUSSION
GBM is the most aggressive and deadly brain tumor with dismal prognosis despite multimodal therapies (1) . GBM tumors exhibit remarkable cellular heterogeneity, with a population of GSCs at the apex of the differentiation hierarchy (2). GSCs not only display potent tumor-initiating or tumor-propagating potential but also promote malignant behaviors associated with disease progression and relapse (2, 4, 8) , suggesting that elimination of GSCs is crucial for improving GBM treatment and overcoming therapeutic resistance. However, a GSC-targeting drug is still unavailable in clinical practice. Thus, the development of anti-GSC therapeutics based on GSC-specific targets is urgently needed.
In the search for GSC-specific functional targets, we have identified the nonreceptor tyrosine kinase BMX as a molecular target. There are several advantages for using BMX as a therapeutic candidate:
(i) BMX-mediated STAT3 activation is a critical dependency for maintaining GSC self-renewal and tumorigenic potential, whose pharmacological disruption can impair GSCs and inhibit GBM growth; (ii) the preferential BMX up-regulation in GSCs compared with NPCs or other brain parenchyma (8) suggests a favorable therapeutic index for BMX inhibition; (iii) GSC-specific evasion of SOCS3-mediated JAK2 inhibition by BMX preserves homeostatic activity of JAK2-STAT3 axis important in normal cells; (iv) BMX is a nonreceptor tyrosine kinase with a cysteine residue in the kinase domain that is amenable for development of irreversible and specific smallmolecule inhibitors; and (v) BMX contributes to the resistance of cancer cells to radiation and chemotherapy (13, 15) , suggesting a synergistic potential of BMX inhibition with conventional radiation or chemotherapy. Our current study demonstrates that disrupting GSCs through BMX inhibition by ibrutinib effectively suppresses GBM growth and increases survival of animals with orthotopic xenografts. Concordant with BMX dispensability in normal development and survival (16) , targeting BMX in vivo had no detectable effect on NPCs and other normal cells in the brain. Our in vivo experiments confirmed that the combination of ibrutinib and radiation markedly inhibited GBM growth and extended animal survival. Because of preferential BMX expression in infrequent GSC populations of the bulk tumor, BMX expression may not be an effective prognostic biomarker. Nevertheless, BMX is a promising druggable target to specifically eliminate GSCs.
Ibrutinib is an FDA-approved oral drug for the treatment of hematological malignancies (24, 33) , with notable response rates and an acceptable sideeffect profile (24, 34) . The therapeutic effect of ibrutinib on blood malignancies was thought to mainly result from its inhibition of BTK kinase activity (23, 33) , which suppresses signal transduction of the B cell receptor pathway responsible for hematological malignancies (23, 24, 35) . Here, we expand the potential application of ibrutinib to treat human GBMs primarily through inhibiting the BMX-STAT3 pathway. Notably, because STAT3-C could not completely reverse the effect of ibrutinib on GSCs, it is possible that other signaling pathways may also be affected by ibrutinib. Multiple kinases homologous to BTK, including EGFR (epidermal growth factor receptor), have been predicted as potential ibrutinib targets, although their sensitivity to ibrutinib is much less than that of BMX and BTK (23) . Further investigations are warranted to determine whether ibrutinib could inhibit the activity of these BTK homologous kinases in GBMs.
As an FDA-approved oral drug, ibrutinib has been well evaluated regarding its pharmacokinetics and efficacy in previous clinical trials. The half-life of ibrutinib is about 4 to 18 hours through oral administration in human patients with hematological malignancies (33, 35) , suggesting that the pharmacokinetics of ibrutinib may not limit its application in clinic. In addition, ibrutinib is an irreversible inhibitor that binds to the cysteine residue at the kinase domain, which persistently suppresses BMX kinase activity to achieve anticancer effects, thus further reducing cellular toxicity. It has been reported that ibrutinib is quite safe, is well tolerated, and has a promising response rate in several long-term clinical trials in hematological malignancies (24, 33) . Thus, repurposing ibrutinib for GBM treatment should pose few contraindications.
Beyond its suppressive effect on GSCs, ibrutinib treatment could also target GSC-derived pericytes that highly express BMX to specifically disrupt the blood-tumor barrier (BTB) and thus increase drug penetration into tumors (36) . Therefore, ibrutinib application in GBM treatment should disrupt GSCs and BTB, which should enhance delivery of antitumor agents that poorly penetrate BTB and effectively combine with chemotherapy or other targeted therapies to benefit GBM patients. In addition, other studies have demonstrated that ibrutinib is able to penetrate through the blood-brain barrier (BBB) to treat primary and recurrent brain lymphoma (35, 37) . Because BBB prevents most antitumor drugs from penetrating into the brain, BBB penetration by ibrutinib should expand the scope of this drug to treat primary or metastatic brain tumors with high expression of BMX or BTK.
In consideration of the promising preclinical data on ibrutinib in GSCderived GBM xenograft models, clinical trials using ibrutinib to treat primary and recurrent GBMs may demonstrate a longterm benefit and therapeutic value for GBM patients. A potential limitation is whether long-term treatment with ibrutinib may result in drug resistance, which needs to be further investigated. Nevertheless, the effective tumoricidal activity of ibrutinib on GSC-derived xenografts from our preclinical studies provides strong evidence for its clinical application to combat malignant brain tumors and overcome resistance to conventional therapies.
MATERIALS AND METHODS
Study design
The aim of this study was to investigate the effect of ibrutinib on GSCs and its therapeutic relevance for GBM treatment. To this end, we performed controlled laboratory experiments using patient-derived GSCs, mice bearing GSCderived xenografts, and human GBM tissues. For in vitro studies, multiple patient-derived GSCs were used, and experiments included three or more biological replicates and at least three technical replicates. For in vivo studies, mice were randomized into control or treatment groups at the seventh day after tumor implantation based on the bioluminescent signal of initial tumor burden. Sample size was five mice per group, and all mice were included to determine statistical significance of differences in tumor growth and animal survival between groups. For histology of mouse tissues (mainly brains), three to five mice per treatment group were randomly selected, and three to five sections per mouse were analyzed. For histology of human tissues, tumor sections from all 42 primary GBMs were used, and experiments were performed twice. The studies were not performed blindly.
Statistical analysis
PASW Statistics 18 and GraphPad Prism 6 were used for all statistical analyses in this study. Kolmogorov-Smirnov test was used to assess the normal distribution of data. The significance was determined by a two-tailed unpaired Student's t test or one-way ANOVA, with P < 0.05 being considered statistically significant. Survival analyses were performed using the Kaplan-Meier method, with the log-rank test for comparison. The survival extension rate was calculated according to the following formula: survival extension rate (%) = [ (A − B) /B] × 100%, where A was the average survival of mice treated with ibrutinib, radiation, or ibrutinib plus radiation, and B was the average survival of mice treated with the vehicle control. EC 50 of ibrutinib was calculated using nonlinear regression analyses based on dose-response curves. The investigators were not blinded to allocation during experiments and outcome assessment. All quantitative data are means ± SD or means ± SEM, as indicated. See the detailed Supplementary Materials and Methods.
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